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Abstract
A microstructure-based model that accounts for the effect of grain size
has been developed to study the effect of grain size on the fatigue life of In-
conel 718 alloys. The fatigue behavior of two alloys with different grain size
was determined by means of uniaxial cyclic deformation tests under fully-
reversed deformation (Rε = -1) at 400
◦C in the low cycle fatigue regime.
The model was based in the determination of the fatigue indicator parame-
ter (based on the local crystallographic strain energy dissipated per cycle) by
means of computational homogenization of a representative volume element
of the microstructure. The mechanical response of the single crystal within
the polycrystal was modelled through a phenomenological crystal plastic-
ity model which was modified to account for the effect of grain size on the
monotonic and cyclic hardening/softening mechanisms. The microstructure-
based crack initiation model parameters were calibrated from the experi-
mental tests of the material with fine grain size. The results of the fatigue
simulations were in good agreement with the experimental results in terms
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of the cyclic stress-strain curves and of the number of cycles for fatigue crack
initiation. The model did not show any grain size effect on the fatigue life
for the largest cyclic strain ranges while the predicted fatigue life predicted
was considerably longer in the case of the microstructure with fine grain size
for the lowest strain ranges, in quantitative agreement with experimental
data. These differences were attributed to changes in the deformation modes
between homogeneous plastic deformation at large cyclic strain ranges and
localized plasticity in a few grains at low cyclic strain ranges.
Keywords:
Low cycle fatigue, Inconel 718, grain size effect, crystal plasticity,
polycrystal homogenization, microstructure-sensitive fatigue
1. Introduction
Inconel 718 is the most used superalloy in turbine disks and other com-
ponents working below 650◦C because its relative low cost, exceptional low
cycle fatigue (LCF) behavior, high strength, corrosion and creep resistance
[1]. The standard operation conditions are in the temperature range 400◦C
to 650◦C [2] and design considerations impose the presence of stress concen-
trations in which the service life is controlled by the alloy response to LCF
[3]. It is well known, from the qualitative viewpoint, that the strength and
the LCF performance of metallic alloys improves with grain refinement and
therefore Inconel 718 components are fabricated with wrought material with
fine microstructures (grain sizes ≤ ASTM 6 ) [4]. However, optimization of
the fatigue behavior of the components requires a quantitative understanding
of the relation between fatigue performance and grain size distribution and of
the forming processes to tailor the grain size distribution in the component.
This paper is focused in the first objective, the analysis and quantification
of the effect of grain size on the LCF behavior of wrought Inconel 718.
The effect of the grain size in the LCF behavior of wrought Inconel 718
has been analyzed in many experimental investigations [5, 6, 7, 4, 8], which
showed an increase in fatigue life as the grain size decreased. The effect of
the grain size on the fatigue life in Inconel 718 depends on the applied cyclic
strain range and it is much more noticeable at small cyclic strain ranges [7].
In addition, the fatigue crack nucleation mechanisms in this alloy are different
in the case of ultrafine grain sizes (≤ 10µm) and fine and coarser grain sizes
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(> 20 µm). Crack initiation is controlled by the presence of second phase
particles in the former, while cracks are nucleated along persistent slip bands
and propagated through the grains in the latter [4, 8, 9].
The mechanisms responsible for the effect of grain size on the fatigue
life are not fully established and depend on the particular alloy, the range
of grain sizes and the applied cyclic plastic strain amplitude. Two common
approaches have been followed to analyze this problem from the simulation
viewpoint. The first one is based on the dislocation-based model for fa-
tigue crack initiation proposed by Tanaka and Mura [10]. In this model,
the grain size appears explicitly in the relationship between the number of
cycles necessary for crack nucleation and the accumulated plastic strain (or
any other fatigue indicator parameter chosen) in each slip system of each
grain [11, 12, 13]. In the particular case of Inconel 718, Alexandre et al.
[4] proposed a macroscopic model for Inconel 718 in which the number of
fatigue cycles for crack initiation was inversely proportional to the square of
the cyclic plastic strain amplitude and of the grain size. The second approach
assumes that the grain size effect is mainly due to the effect of grain bound-
aries which hinder the slip transfer between grains, leading to the formation
of pile-ups and to hardening as the grain size decreases [14]. In this case, the
constitutive equation (i.e., the crystal plasticity model) has to incorporate
the effect of grain size, leading to changes in the accumulated plastic strain
(or any other fatigue indicator parameter) as a function of the grain size
[15, 16, 17].
Within the framework of computational homogenization using crystal
plasticity, the incorporation of size effects in the constitutive equation can be
achieved by means of strain gradient plasticity models to simulate the forma-
tion of dislocation pile-ups at the grain boundaries [18, 19] and this strategy
was followed by Sweeney et al. [15]. However, strain gradient crystal plas-
ticity models are non-local: its implementation in standard finite element
software presents some fundamental issues [20] and the models are usually
too expensive from the computational viewpoint to simulate large Represen-
tative Volume Elements (RVEs) of the microstructure during several fatigue
cycles. An alternative strategy to include the grain size in the constitutive
equation was recently developed by Haouala et al. [21], who used a Taylor
model to relate the critical resolved shear stress in each slip system with
the dislocation density. The evolution of the dislocation density during de-
formation took into account the dislocation storage at the grain boundaries
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by including the distance to the grain boundary to compute the disloca-
tion mean free path. As a result, the critical resolved shear stress increased
as the distance to the grain boundary decreased, and this dislocation-based
model was able to reproduce the effect of grain size on the yield strength
of polycrystalline Cu under monotonic deformation. However, its extension
to complex alloys under cyclic deformation is far from trivial. Alternatively,
Shenoy et al. [22] proposed a simpler approach in which the critical resolved
shear stress in each grain depends on the grain size. This option can be
considered a simplification of the model in [21], because of the mechanical
response of each grain is homogeneous throughout the grain but depends on
the grain size, and it can be readily incorporated in both phenomenological
[23] or physically-based crystal plasticity models [22]. The common choice
to relate the critical resolver shear stress with the grain size is based on the
empirical relations established by Hall [24] and Petch [25] for polycrystals.
The objective of this work is to model the effect of the grain size in
the fatigue life of wrought Inconel 718 with coarse and fine grain sizes. The
mechanical performance of the polycrystal was simulated by means of compu-
tational homogenization of an RVE of the microstructure. The single crystal
behavior was introduced with a phenomenological crystal plasticity model.
The effect of grain size on the critical resolved shear stress and on the back
stress was included through a Hall-Petch relationship that was calibrated to
provide the appropriate mechanical response of the polycrystal under cyclic
deformation for two different grain sizes. Crack nucleation was assumed to
be controlled the formation of slip bands and fatigue indicator parameters
were computed from the numerical simulations of the cyclic deformation of
the RVEs. They were used to predict the fatigue life as a function of the
applied cyclic strain range and the grain size and were in good agreement
with the experimental results.
The paper is organized as follow. The LCF tests performed at 400◦C and
Rε = -1 for both coarse-grain (ASTM 3) and fine-grain (ASTM 8.5) wrought
Inconel 718 are described. The numerical simulation of cyclic deformation by
means of computational homogenization and the fatigue life prediction model
are described in section 3, while the experimental results for the fatigue life
and the model predictions are compared and discussed in section 4. Finally,
the main conclusions of the work are found in section 5.
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2. Experimental methodology
2.1. Microstructure
The fatigue behavior of wrought Inconel 718, named from here on IN718
alloy, with two different grain sizes was measured. The average grain size of
each material was obtained by the intercept method following the standard
ASTM E112, leading to fine grain (ASTM grain size 8.5, ≈ 20 µm) and
a coarse grain (ASTM grain size 3, ≈ 125 µm) microstructures, which are
shown in Figs. 1a) and b), respectively. Both microstructures are mainly
composed by a solid solution FCC γ phase with negligible volume fractions
of dispersed metal carbides (< 1%). The amount of δ phase was < 1% in
the coarse-grain material and in the range of 10% in the fine-grain material.
Transmission electron microscopy analysis, performed using a JEOL 3000F
instrument, showed the presence of γ’ and γ” precipitates in the interior of
the grains with sizes below 50 nm.
  
a)
20 µm
  
b)
20 µm
Figure 1: Scanning electron micrographs of the microstructure of wrought IN718. a) Fine
grain size (ASTM 8.5). b) Coarse grain size (ASTM 3).
2.2. Mechanical characterization
The tensile stress-strain behavior of the two different wrought IN718 al-
loys was determined using an universal testing machine. Tests were carried
out at 400◦C and a constant strain rate of 5.0 10−3 s−1. The tests were car-
ried out on cylindrical smooth specimens with a diameter of 5.08 mm and
a gauge length of 12.7 mm for the ASTM 8.5 microstructure and a diame-
ter of 6.35 mm and a gauge length of 12.7 mm for the ASTM 3 alloy. The
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LCF tests at 400◦C of the two microstructures were performed on a MTS
servo hydraulic fatigue load frame with a 100 KN load cell, according to the
standard ASTM E606-04. The axial displacement in the central zone of the
specimen was measured with a MTS extensometer directly mounted on the
gauge length. A trapezoidal wave form was applied according to: 1s (dwell)
- 5 10−3 s−1 (ramp up) - 1s (dwell)- 5 10−3 s−1 (ramp down). The tests were
carried with strain ranges of ∆ε/∆εmin = 1, 1.5, 2, 2.5, 3 and 3.5 under fully
reversed cyclic deformation Rε = -1, where ∆εmin stands for the minimum
cyclic strain range applied in the fatigue tests.
3. Computational Homogenization Strategy
3.1. Numerical model
The effective polycrystal behavior was obtained by computational ho-
mogenization using the finite element method. The microstructure was rep-
resented by a cubic RVE, which was discretized with a regular mesh of N x
N x N cubic C3D8 finite elements where each crystal is represented by many
elements. The RVEs approximately include 300 grains and 90 elements per
grain. It was demonstrated that this size was accurate enough of the sta-
tistical representation of the grain orientations and microfields in different
grains [26, 27]. The texture of the grains in the RVE was random, following
the experimental data [26]. The grain size distribution in the RVE followed
the experimental grain size distribution, which was measured from a cross-
section that include approximately 300 grains. The experimental 2D grain
size distribution was transformed into a 3D distribution assuming spherical
grains using StripStar [28]. The 3D grain radius distribution was approx-
imated by a lognormal function whose average and standard deviation are
given by σ = 0.475 and µ = 3.5691 for the ASTM 3 alloy and by σ = 0.544
and µ = 2.031 for the ASTM 8.5 alloy. These parameters were used in the
software Dream3D [29] to generate the RVE. Because the number of grains in
each RVE was limited, 20 RVEs were generated for each material to take into
account the statistical aspects of the grain size distribution based on previous
results of fatigue simulations in IN718 alloy [26]. The finite element models
of two RVEs corresponding to the fine and coarse grain size distributions are
depicted in Fig. 2.
Numerical simulations were carried out using periodic boundary condi-
tions in Abaqus/standard. The macroscopic loading conditions are intro-
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duced in the model by applying displacements and loads in the master nodes
in order to achieve the target deformation history, see [30] for more details.
The crystal behavior was introduced following the crystal plasticity model
described in the next section.
Figure 2: Finite element model of the RVE of wrought polycrystalline IN718 alloy. a)
Average grain size ASTM 8.5. b) Average grain size ASTM 3. The grain size in the
legend corresponds to the equivalent diameter in µm.
3.2. Crystal plasticity model
The elasto-plastic behaviour of IN718 alloy grains was based in the phe-
nomenological crystal plasticity model proposed by Cruzado et al. [26], which
is briefly recalled here for the sake of completion. The model was able to re-
produce accurately the main cyclic characteristics of IN718 alloy, namely
kinematic hardening, mean stress relaxation and cyclic softening.
The crystals were assumed to behave as elasto-viscoplastic solids in which
the plastic slip rate for a given slip system follows a power law given by:
γ˙α = γ˙0
( |τα − χα|
gα
) 1
m
sign(τα − χα) (1)
where γ˙0 is the reference strain rate, m the rate sensitivity parameter, g
α the
critical resolved shear stress of the α slip system and χα the back stress.
Grain boundaries hinder the plastic slip and lead to the formation of
dislocation pile-ups at grain boundaries, increasing the dislocation density in
form of Geometrically Necessary Dislocations (GNDs). The amount of GNDs
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depends on the actual grain size, and gives rise to an effective increase in the
flow stress of the crystal. This effect can be introduced either by assum-
ing that the density of GND mainly contributes to the isotropic hardening
through the Taylor relation [31, 32] or by considering that the development
of GNDs mainly influences the kinematic hardening [33] though the back
stress evolution. The effect of grain size was included in both terms in this
phenomenological approach.
It is well established that the GND density in polycrystals increase as
the grain size decreases. This increase contributes to the isotropic hardening
because these dislocations will act as additional obstacles to the movement of
other dislocations, increasing the critical resolved shear stress, gα, in eq. (1).
This term includes two contributions that determine the amount of hardening
or softening under monotonic (gαm) and cyclic (gc) deformation according to
gα = gαm + gc (2)
where gαm controls the evolution under monotonic deformation and gc de-
termines the cyclic softening due to a progressive reduction of the critical
resolved shear stress induced by changes in the direction of plastic shear.
In the case of monotonic hardening, the effect of grain size is only in-
troduced in the initial value of the critical resolved shear stress, τ0, for g
α
m,
which is given by
τ0 = τ
′
0 +
k0√
D
(3)
where τ ′0 corresponds to the initial critical resolved stress of a very large grain
(in which grain boundary effects can be neglected), D the grain diameter and
k0 the Hall-Petch constant.
The evolution of gαm with the applied strain followed the crystal plasticity
model of Cruzado et al. [26] and is obtained from the contribution of the
shear strain of all the slip systems β in the crystal according to
g˙αm =
∑
β
h|γ˙β| (4)
where the self hardening modulus h, negative in the case of IN718 to account
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for the initial softening [26], follows the Asaro-Needleman isotropic hardening
model according to,
h (γa) = −h0sech2
∣∣∣∣ h0γaτs − τ0
∣∣∣∣ (5)
where τ0 is the initial critical resolved shear stress, h0 the initial softening
modulus, τs the saturation stress (which is smaller than τ0) and γa the ac-
cumulated shear strain in all slip systems of the crystal, which is obtained
as
γa =
∑
α
∫ t
0
|γ˙α| dt. (6)
Thus, the contribution of grain size to the isotropic hardening/softening
(eq. 5) during monotonic deformation has been neglected for simplicity be-
cause this term in very small as compared to the kinematic hardening in this
alloy.
The evolution of flow stress due to the cyclic deformation, gc, leads to
cyclic softening in IN718 alloy and it was given by a Voce type law with
negative slope, according to [26],
gc = − (τ cycs + h2γcyc)
(
1− exp
−h1γcyc
τ
cyc
s
)
(7)
where τ cycs is the saturation softening (the maximum reduction of the critical
resolved shear stress due to cyclic softening), h1 and h2 the cyclic softening
parameters, and γcyc (the cyclic accumulated plastic strain) is an internal
variable to capture the cyclic softening under a general loading history. γcyc
is given by
γcyc =
∑
α
∫ t
0
|γ˙α|dt−
∑
α
∣∣∣∣∫ t
0
γ˙αdt
∣∣∣∣ . (8)
The effect of grain size was not introduced in gc because this phenomenon
is related with the progressive shearing of the precipitates and only depends
on the amount of γ′′ precipitates, that is constant for all grain sizes.
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Dislocation pile-ups at the grain boundaries provide the main contribu-
tion to the kinematic hardening at the crystal level because the back stresses
will assist dislocation motion during reverse deformation. They induce a
size effect because the density of GNDs increases as the grain size decreases.
Thus, the kinematic hardening χα is expressed as,
χ˙α = cγ˙α − dχα|γ˙α|
( |χα|
c/d
)mk
(9)
where mk is the parameter that controls the mean stress relaxation velocity.
c stands for the direct hardening modulus and the ratio c/d for the saturation
hardening value. They are given by
c = c′ +
kc√
D
(10)
c
d
=
( c
d
)′
+
kc/d√
D
(11)
where c′ and (c/d)′ stand for the direct hardening modulus and saturation
hardening, respectively, corresponding to a very large grain (where no disloca-
tion pile-ups are formed) and kc and kc/d stand for the Hall-Petch parameters
that introduce the effect of grain size.
The model parameters for IN718 alloy at 400◦C are presented in Table
1 (note that the viscoplastic parameters are normalized by τ ′0). The elas-
tic constants were obtained from the experimental values reported in [34] at
room temperature assuming a linear reduction of the three elastic constants
with temperature similar to the one found for the elastic modulus of IN718
polycrystals. The reference strain rate, γ˙0, and the strain rate sensitivity ex-
ponent, m, were obtained from mechanical tests on single crystal micropillars
machined from the polycrystals [35]. The parameters defining cyclic soften-
ing and the mean stress relaxation, unaffected by the grain size, were directly
obtained from [26]. The initial critical resolved shear stress which included
the Hall-Petch constant was obtained from the monotonic uniaxial tensile
tests of both microstructures. The remaining parameters of the crystal plas-
ticity model, that introduce the grain size effect in the kinematic hardening,
were obtained from the experimental results of the cyclic response of the fine
and coarse grain size IN718 at 400◦C with Rε = -1 and ∆ε/∆εmin=3.
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Elastic
C11(GPa) C12(GPa) C44(GPa)
240 165 101
Viscoplastic
m γ˙0
0.017 2.42 10−3
Isotropic softening
τ ′0 (MPa) τs h0 k0
τ ′0 0.83τ
′
0 57.29τ
′
0 8.14 10
−4 τ ′0
Kinematic hardening
c′ (c/d)′ mk kc kc/d
33.8τ ′0 0.084τ
′
0 20.49 1.02 10
−3 τ ′0 0.145τ
′
0
Cyclic softening
τ cycs h1 h2
0.083τ ′0 0.072τ
′
0 3.44 10
−6 τ ′0
Table 1: Parameters of the crystal plasticity model for cyclic deformation of wrought
IN718 alloy at 400◦C including the effect of grain size.
3.3. Fatigue crack initiation model
Prediction of fatigue crack nucleation by means of computational homog-
enization is carried out using the local Fatigue Indicator Parameters (FIP)
[36, 37, 17] which provide information about the evolution of the mechanical
fields in each fatigue cycle. In the case of IN718 alloy, Cruzado et al. [27]
were able to predict the number of fatigue cycles for crack nucleation using
the local crystallographic strain energy dissipated per cycle, Wαcyc(x), which
is given by
Wαcyc(x) =
∫
cyc
τα(x)γ˙α(x)dt (12)
at the point x of the crystal, where τα and γ˙α are the resolved shear stress
and the shear strain rate on the slip system α, respectively. The local value
of the FIP defined in eq. (12) is calculated at the centroid of each element
in the RVE. The formation of a persistent slip band in which a crack will be
incubated is a non-local phenomena that affects a finite volume of the grain.
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In order to consider this non locality in the model, the FIP values at the
element centroids were averaged along bands parallel to the slip planes, as
proposed by Castelluccio et al. [12]. This averaging has also a positive effect
in reducing mesh dependency as well as the spurious stress concentrations
associated with the structured mesh. Under these assumptions, the FIP
representative of a RVE subjected to cyclic deformation, W bcyc, is obtained as
the maximum of the band-averaged local FIP throughout the RVE, according
to:
W bcyc = max
i=1,nb
{
max
βi
1
Vi
∫
Vi
W βicyc(x)dVi
}
(13)
where βi (= 1, 2, 3) corresponds to the three different slips systems contained
in the slip plane parallel to the band i, Vi is the volume of that band and nb
the total number of bands in the microstructure, which is 4 times the number
of elements in the RVE.
Under these conditions, Cruzado et al. [27] showed that the number of
cycles to initiate crack, Ni, could be expressed in IN718 alloy by
Ni =
WNLcrit
(W bcyc)
m
(14)
where the fatigue life depends on the cyclic FIP, W bcyc, through two material
parameters, WNLcrit and m.
4. Results and discussion
4.1. Experimental results
The tensile and the stabilized cyclic stress-strain curves at 400◦ are plot-
ted in Fig.3 for both IN718 alloys with different grain size. The tensile yield
stress of the alloy increased by ≈ 10% as the grain size decreased from ASTM
3 to ASTM 8.5, and the material with fine microstructure was also slightly
stronger under cyclic deformation. It should be noted that the flow stress in
the cyclic stress-strain curve was lower than that of the monotonic curve as
a consequence of the characteristic cyclic softening of IN718 alloy.
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Figure 3: Effect of the average grain size in the mechanical response of wrought IN718
alloy at 400◦C. a) Tensile stress-strain curve. b) Stabilized cyclic stress-strain curve. The
stresses are normalized by τ ′0 and the strains by ∆εmin, the minimum cyclic strain range
used in the fatigue tests.
The cyclic stress-strain behavior of IN718 alloy at 400◦C for three different
values of the applied cyclic strain range (small, medium and large) is shown
in Fig. 4. The first loading cycle is represented in Figs. 4a), c), and e),
while the evolution of the cyclic stress range as a function of the number
of cycles is plotted in Figs. 4 b), d), and f). These curves show that the
stress range in the fine microstructure was always higher than that of the
coarse grain material due to the strengthening provided by the smaller grain
size. Moreover, the evolution of stress range with the number of cycles (cyclic
softening) was the same for both microstructures. This behavior supports the
hypothesis in the model which assumed that cyclic softening was independent
of the grain size because this mechanism only depends on the γ” precipitate
distribution, which was equivalent in both microstructures.
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Figure 4: Experimental results of the cyclic response of IN718 alloy at 400◦C with different
average grain size tested under uniaxial cyclic deformation with Rε = -1. (a) Cyclic stress-
strain loops for ∆ε/∆εmin=3. (b) Evolution of the stress range, ∆σ/τ
′
0, with the number
of cycles for ∆ε/∆εmin=3. (c) Idem as (a) for ∆ε/∆εmin=1.5. (d) Idem as (b) for
∆ε/∆εmin= 1.5. (e) Idem as (a) for ∆ε/∆εmin= 1. (f) Idem as (b) for ∆ε/∆εmin=1.
The experimental results of the the cyclic plastic strain range (normalized
by ∆εmin) are plotted in Fig.5 vs. the number of cycles until crack nucleation,
Ni, which was defined as the cycle in which the maximum load dropped by
5%. The dual slope Coffin-Manson behavior of IN718 alloy is shown in the
figure where it can be observed that the transition between the two Coffin-
Manson regimes (large and small cyclic strain ranges) took place at around
2000 cycles in both two microstructures. The fatigue life of both materials
was equivalent for large cyclic plastic strain ranges and the differences in
the strength observed in the cyclic stress-strain curves (Figs. 4a and b) do
not affect the fatigue life. On the contrary, the fine grain material exhibited
much higher fatigue life when the applied cyclic plastic strain amplitudes
were small and the hysteresis loops were nearly elastic (Fig. 4b) and d).
This fact indicates that the effect of grain size in the fatigue life of IN718
alloy only appears when plastic deformation is highly localized in very few
grains throughout the microstructure in which the plastic strains are slowly
increasing during a significant fraction of the fatigue life. This failure is
typical of IN718 alloy deformed at low cyclic plastic strain amplitudes [27].
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Figure 5: Cyclic plastic strain amplitude, ∆p/2 (normalized by ∆εmin) vs. the number
of cycles to crack initiation, Ni, in IN718 alloy under fully-reversed cyclic deformation, Rε
= -1 at 400◦C.
4.2. Numerical results
The crystal plasticity model presented above was applied to predict the
monotonic tensile deformation of IN718 alloy with fine and coarse grain size.
20 RVEs were generated for each material using their grain size distributions
and random texture. The resulting tensile stress-strain curves, obtained as
the average of the 20 RVEs, are plotted in Fig. 6. The error bars stand for
the standard deviation obtained from 20 realizations for each material. The
simulation results were in excellent agreement the experimental response for
both grain sizes and it should be noticed that the parameters that include
the grain size effect on isotropic and kinematic hardening were obtained
from cyclic experiments. It is also worth noting that the standard deviation
obtained in the simulations of the different realizations was small for both
microstructures. This result indicates that the size of each RVE was large
enough to account for the effective behavior of the polycrystal.
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Figure 6: Tensile stress-strain curved of wrought IN718 alloy at 400◦C. Stresses are nor-
malized by τ ′0 and strain by ∆εmin.
The cyclic strain-stress curves for both microstructures are plotted in Fig.
7, together with the experimental results, for two different applied cyclic
strain ranges, namely ∆ε/∆εmin = 3 and 1.5. The numerical curves corre-
sponds to the RVE whose behavior was the closest to the average monotonic
stress-strain curves in Fig. 6 for each material. The stabilized stress-strain
hysteresis loops measured in the experiments and predicted by the model for
both strain ranges were in good agreement. This result supports the phe-
nomenological strategy used in the crystal plasticity model to account for
the grain size effect via the introduction of Hall-Petch type relations in both
the initial critical resolved shear stress and the back stress evolution.
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Figure 7: Experimental results and numerical predictions of the stabilized cyclic stress-
strain loops of IN718 alloy at 400◦C tested under uniaxial cyclic deformation with Rε=-1.
(a) ∆ε/∆εmin = 3 for ASTM 8.5 grain size. (b) Idem as (a) for ASTM 3 grain size. (c)
∆ε/∆εmin= 1.5 for ASTM 3 grain size. (d) Idem as (c) for ASTM 3 grain size
Finally, the parameters WNLcrit and m in eq. (14), which are necessary to
obtain the number of cycles for crack nucleation from the FIP, were obtained
from the simulation of the cyclic behavior of two different tests (∆ε/∆εmin
= 1 and 3.5) of the alloy with small grain size (ASTM 8.5) and the corre-
sponding experimental results. It should be noted that the FIP, W bcyc, was
obtained from the simulation of 20 different realizations of the RVE for each
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strain range. This is necessary because the number of grains in the RVE
is very small as compared with that in the actual fatigue specimens and a
minimum number of grains to obtain statistically-representative results can
only be obtained from many realizations. The parameters of the fatigue life
model were WNLcrit = 4.8485 x 10
4 MJ/m3 and m = 1.4755.
The predictions of the number of cycles for fatigue crack initiation at
400◦C, Ni, as a function of the applied cyclic strain range, ∆ε/∆εmin, are
plotted in Figs. 8(a) and (b) for each microstructure together with the cor-
responding experimental results. The two experiments used to calibrate the
parameters of the fatigue life are marked in Fig. 8(a) and the simulations
results of these cases include the scatter bars corresponding to the simula-
tions of 20 RVEs. For the remaining strain ranges considered, the numerical
predictions correspond to a sub-sample of four different RVEs out of the 20
used to calibrate the fatigue model.
The agreement between experiments and simulations was excellent in
most cases for both grain sizes. The largest differences were found in the
intermediate strain ranges for the coarse grain size where Ni was slightly un-
derpredicted. Moreover, the numerical simulations captured the differences
in the fatigue behavior of IN718 alloy when subjected to large and small
cyclic strain ranges (dual slope Manson-Coffin relationship). At large cyclic
strain ranges, plastic deformation is homogeneously distributed throughout
the microstructure and the influence of the details of the microstructure (in-
cluding the average grain size) on the fatigue life is minimum. However,
plasticity is localized in a few grains at low cyclic strain ranges and the dif-
ferent slope of the Manson-Coffin plot for a given microstructure reflects the
change from homogeneous plastic deformation at large cyclic strain ranges
to localized deformation at small cyclic strain ranges.
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Figure 8: Experimental results and model predictions for the number of cycles for fatigue
crack initiation in IN718 alloy at 400◦C as a function of the applied cyclic strain range,
∆ε (normalized by the minimum cyclic strain range, ∆εmin). a) ASTM 8.5 grain size. b)
ASTM 3 grain size. The results for 4 realizations of the RVE are shown in the case of the
numerical simulations.
Moreover, it was found that the influence of the microstructure is very
large in the case of localized deformation, because the fatigue life is con-
trolled by a continuous accumulation of plastic slip in a few grains. The
histograms of the distribution of the stabilized, cyclic FIP within the RVE
are plotted in Fig. 9a) and b) for ∆ε/∆εmin = 3.5 and 1, respectively. The
RVE selected to obtain the histogram corresponds to the one that gives the
best prediction of the experimental results for both microstructures. In each
figure, the stabilized FIP value is normalized by the maximum FIP value in
both microstructures. Plastic deformation was homogeneously distributed
throughout the microstructure of both materials in the simulations carried
out with ∆ε/∆εmin = 3, leading to very similar FIP histograms (Fig. 9a)
and to equivalent fatigue lives, regarding of the grain size. However, the FIP
distribution is Fig. 9b) shows that plastic deformation (and, thus, non-zero
values of the FIP) was localized in a few grains of the microstructure for
∆ε/∆εmin = 1. Under these conditions, the effect of grain size is clearly
visible: the maximum FIP in the alloy with large grain size (ASTM 3) was
significantly higher than that in the alloy with small grain size (ASTM 8.5).
Moreover, the fraction of grains in which the FIP > 0 was higher in the alloy
with large grain size. Both factors show the beneficial effect of the small
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grain size from the fatigue crack initiation viewpoint and explain the longest
fatigue life of the alloy with small grain size in this regime.
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Figure 9: Histogram of the stabilized, cyclic FIP in one RVE for the IN718 alloys with
different grain sizes, ASTM 8.5 and ASTM 3. (a) ∆ε/∆εmin = 3.5, (b)∆ε/∆εmin = 1.
The FIP in each figure is normalized by the maximum FIP value in both microstructures.
In summary, the small differences in the plastic behavior induced by dif-
ferences in the average grain size have no effect in the number of cycles for
crack nucleation when plasticity is homogeneously distributed throughout
the microstructure. However, these small differences give rise to large differ-
ences in the fatigue life when plasticity is highly localized in a few grains.
This leads to a large experimental scatter and is also responsible for the influ-
ence of the grain size on the fatigue life in this regime. This result is shown
in Fig. 10 where the average number of cycles for fatigue crack initiation
(and the corresponding standard deviation) predicted for each cyclic strain
range, ∆ε/∆εmin, is plotted for both microstructures. Accumulation of plas-
tic deformation is homogeneous throughout the microstructure at large cyclic
strain ranges and the scatter in the fatigue crack initiation predictions is low
and the fatigue lives were independent of the grain size. On the contrary,
plastic deformation is highly localized in a few grains and bands at small
cyclic strain ranges. As a result, the scatter in the fatigue life depends on
the microstructural details and is much larger and the alloy with smaller
grain sizes performs better in fatigue than the coarse grain counterpart in
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this regime.
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Figure 10: Numerical predictions of the effect of the grain size in number of cycles for
fatigue crack initiation (average and standard deviation) in IN718 alloys with grain sizes
ASTM 8.5 and ASTM 3 at 400◦C as a function of the applied cyclic strain range, ∆ε
(normalized by the minimum cyclic strain range, ∆εmin).
Therefore, the fatigue life models [4, 11, 12] that take into account the
effect of grain size effect following the mechanism proposed by Tanaka and
Mura [10] are not appropriate to explain the behavior of wrought IN718
alloys. These models assume that the plastic behavior of the grains is in-
dependent of grain size and that crack initiation is inversely proportional to
the square of the plastic strain amplitude and of the grain size. Under these
hypotheses, the ratio of the fatigue life of both microstructures (fine and
coarse) should be constant regardless of the applied cyclic strain range but
this is not the case in the experimental results of IN718 (Fig. 5). The origin
of the breakdown of this proportionality in the fatigue life in IN718 is the re-
distribution of plastic microfields from homogeneously distributed to highly
localized, which is also responsible of the dual slope in the Coffin-Manson
plot for this alloy [27].
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5. Conclusions
The fatigue behavior of two wrought IN718 alloy alloys with fine (ASTM
8.5) and coarse (ASTM 3) grain size was studied by means of unaxial cyclic
deformation tests under fully-reversed deformation (Rε = -1) at 400
◦C in the
low cycle fatigue regime. It was found that the grain size did not influence
the number of cycles for crack initiation for large applied cyclic strain ranges
but the alloy with fine grain size presented much higher resistance to crack
nucleation for small applied cyclic strain ranges.
A microstructure-based model was proposed to simulate the effect of grain
size on the number of cycles for crack nucleation in IN718 alloy at 400◦C sub-
jected to low cycle fatigue. The model was based in the determination of the
fatigue indicator parameter (based on the local crystallographic strain energy
dissipated per cycle throughout the microstructure) by means of computa-
tional homogenization of an RVE of the microstructure. The mechanical
response of the single crystals within the polycrystal was modelled by means
of a phenomenological crystal plasticity model that was able to reproduce
accurately the main cyclic characteristics of IN718 alloy, namely kinematic
hardening, mean stress relaxation and cyclic softening. The model accounts
for the effect of grain size on both the isotropic hardening/softening and
on the kinematic hardening through the introduction of a dependency on
the grain size (based on the Hall-Petch model) on the critical resolved shear
stress and the back stress. The crystal plasticity model parameters were cal-
ibrated from the experimental cyclic stress-strain curves at different cyclic
strain ranges and the parameters of the fatigue crack initiation model were
calibrated using the number of cycles for crack initiation obtained exper-
imentally for the alloy with the fine grain size under two different strain
ranges.
The results of the fatigue simulations were in good agreement with the
experimental results in terms of the cyclic stress-strain curves and of the
number of cycles for fatigue crack initiation. The model did not show any
grain size effect on the fatigue life for large applied strain ranges but the
predicted fatigue life was considerably longer in the case of alloy with fine
grain size for small cyclic strain ranges. These differences were attributed
to changes in the deformation modes between these regimes. Plastic defor-
mation is homogeneously distributed throughout the microstructure at large
cyclic strain ranges and the influence of the details of the microstructure
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(including the average grain size) on the fatigue life is minimum. However,
plasticity is localized in a few grains at low cyclic strain ranges and the influ-
ence of the microstructure is very large in the case of localized deformation,
because the fatigue life is controlled by a the continuous accumulation of
plastic slip in a few grains. This leads to a large experimental scatter and is
also responsible for the influence of the grain size on the fatigue life in this
regime.
Acknowledgments
This investigation was supported by the European Union through the
Clean Sky Joint Undertaking, 7th Framework Programme, project MICROMECH
(CS-GA-2013-620078) and by the Spanish Ministry of Economy and Com-
petitiveness (project DPI2015-67667) and by the European Research Council
under the European Union Horizon 2020 research and innovation programme
(Advanced Grant VIRMETAL, grant agreement No. 669141). In addition,
the authors thank Industria de TurboPropulsores. S. A. and, in particular,
Dr. A. Linaza and Dr. K. Ostolaza for providing the experimental data and
their support during the project. The experimental data included in this pa-
per are proprietary of the industrial partners in the MICROMECH project
and, as a result, the stresses and strains have been normalized by a constant
factor.
References
[1] D. Locq and P. Caron. On some advanced Nickel-based superalloys for
disk applications. Journal Aerospacelab, 3:1 – 9, 2011.
[2] A. Banerjee, J. K. Sahu, C. D. Fernando, and R. N. Ghosh. Micromech-
anisms of cyclic plastic deformation of alloy IN718 at 600◦C. Fatigue and
Fracture of Engineering Materials and Structures, 39:877–885, 2016.
[3] A. A. Shanyavskiy. Fatigue crack propagation in turbine disks of ei698
superalloy. Frattura ed Integrita Strutturale, 24:13 – 25, 2013.
[4] F. Alexandre, S. Deyber, and A. Pineau. Modelling the optimum grain
size on the low cycle fatigue life of a ni based superalloy in the presence
of two possible crack initiation sites. Scripta Materialia, 50:25 – 30,
2004.
24
[5] B. Pieraggi and J.F. Uginet. Fatigue and creep properties in relation
with alloy 718 microstructure. In Superalloys 718 , 625, 706 and Various
Derivatives, pages 535–544. The Minerals, Metals and Materials Society,
1994.
[6] N. Spath, V. Zerrouki, P. Poubanne, and J. Y. Guedou. 718 superalloy
forging simulation: a way to improve process and material potentialities.
In Superalloys 718 , 625, 706 and Various Derivatives, pages 173–183.
The Minerals, Metals and Materials Society, 2001.
[7] Y. S. Song, M. R. Lee, and J. T. Kim. Effect of grain size for the
tensile strength and low cycle fatigue at elevated temperature of alloy
718 cogged by open die forging. In Superalloys 718 , 625, 706 and
Various Derivatives, pages 539–549. The Minerals, Metals and Materials
Society, 2005.
[8] P. R. Bhowal, D. Stol, A. M. Wusatowska-Sarnek, and R. Montero.
Surface effects of low cycle fatigue behavior in in718. in Superalloys
2008, ed. R. C. Reed et al., TMS, pages 417 – 423, 2008.
[9] M. Abikchi, T. Billot, J. Cre´pin, A. Longuet, C. Mary, T. F. Morgeneyer,
and A. Pineau. Fatigue life and initiation mechanisms in wrought Inconel
718 DA for different microstructures. In 13th International Conference
on Fracture, Beijing, China, 2013.
[10] K. Tanaka and T. Mura. A dislocation model for fatigue crack initiation.
Journal of applied mechanics, 48:97 – 103, 1984.
[11] M. Shenoy, J. Zhang, and D. L. McDowell. Estimating fatigue sensitivity
to polycrystalline Ni-base superalloy microstructures using a computa-
tional approach. Fatigue and Fracture of Engineering Materials and
Structures, 30:889–904, 2007.
[12] G. M. Castelluccio and D. L. McDowell. Microstructure and mesh sen-
sitivities of mesoscale surrogate driving force measures for transgranular
fatigue cracks in polycrystals. Materials Science and Engineering: A,
639:626 – 639, 2015.
[13] G. M. Castelluccio and D. L. McDowell. Microstructure-sensitive small
fatigue crack growth assessment: Effect of strain ratio, multiaxial strain
25
state, and geometric discontinuities. International Journal of Fatigue,
82:521 – 529, 2016.
[14] N. Hansen. Hall-Petch relation and boundary strengthening. Scripta
Materialia, 51:801 – 806, 2004.
[15] C. A. Sweeney, B. O’Brien, P. E. McHugh, and S. B. Leen. Experimental
characterisation for micromechanical modelling of CoCr stent fatigue.
Biomaterials, 35:36 – 48, 2014.
[16] C. A. Sweeney, B. O’Brien, F. P. E. Dunne, P. E. McHugh, and S. B.
Leen. Strain-gradient modelling of grain size effects on fatigue of cocr
alloy. Acta Materialia, 78:341– – 353, 2014.
[17] V. V. C. Wan, D. W. MacLachlan, and F. P. E. Dunne. A stored en-
ergy criterion for fatigue crack nucleation in polycrystals. International
Journal of Fatigue, 68:90 – 102, 2014.
[18] J. Y. Shu and N. A. Fleck. Strain gradient crystal plasticity: size-
dependent deformation of bicrystals. Journal of the Mechanics and
Physics of Solids, 47:297 – 324, 1999.
[19] L. P. Evers, D. M. Parks, W. A. M. Brekelmans, and M. G. D. Geers.
Crystal plasticity model with enhanced hardening by geometrically nec-
essary dislocation accumulation. Journal of the Mechanics and Physics
of Solids, 50:2403 – 2424, 2002.
[20] D. Rodriguez-Gala´n, J. Segurado, and I. Romero. An assessment of
the finite element implementation for strain gradient crystal plasticity:
A numerical understanding. International Journal of Solids and Struc-
tures, Submitted 2017.
[21] S. Haouala, J. Segurado, and J. LLorca. An analysis of the influence of
grain size on the strength of FCC polycrystals by means of computa-
tional homogenization. Submitted for publication, 2017.
[22] M. Shenoy, Y. Tjiptowidjojo, and D. McDowell. Microstructure-sensitive
modeling of polycrystalline IN 100. International Journal of Plasticity,
24:1694 – 1730, 2008.
26
[23] S. Sun and V. Sundararaghavan. A probabilistic crystal plasticity model
for modeling grain shape effects based on slip geometry. Acta Materialia,
60:5233 – 5244, 2012.
[24] E. O. Hall. The deformation and ageing of mild steel: Iii discussion of
results. Proceedings of the Physical Society. Section B, 64:747, 1951.
[25] N. J. Petch. The cleavage strength of polycrystals. Journal of the Iron
and Steel Institute, 174:25 – 28, 1953.
[26] A. Cruzado, J. Llorca, and J. Segurado. Modeling cyclic deformation
of inconel 718 superalloy by means of crystal plasticity and computa-
tional homogenization. International Journal of Solids and Structures,
122:148–161, 2017.
[27] A. Cruzado, S. Lucarini J. Llorca, and J. Segurado. Microstructure-
based fatigue life model of metallic alloys with bilinear coffin-manson
behavior. International Journal of Fatigue, 107:40–48, 2018.
[28] R. Heilbronner and D. Bruhn. The influence of three-dimensional grain
size distributions on the rheology of polyphase rocks. Journal of Struc-
tural Geology, 20:695 – 705, 1998.
[29] DREAM.3D. http://www.dream3d.bluequartz.net, 2016.
[30] J. Segurado and J. Llorca. Simulation of the deformation of polycrys-
talline nanostructured ti by computational homogenization. Computa-
tional Materials Science, 76:3 – 11, 2013.
[31] K. S. Cheong, E. P. Busso, and A. Arsenlis. A study of microstructural
length scale effects on the behaviour of FCC polycrystals using strain
gradient concepts. International Journal of Plasticity, 21:1797 – 1814,
2005.
[32] A. Ma, F. Roters, and D. Raabe. Studying the effect of grain boundaries
in dislocation density based crystal-plasticity finite element simulations.
International Journal of Solids and Structures, 43:7287 – 7303, 2006.
Size-dependent Mechanics of Materials.
[33] L. P. Evers, W. A. M. Brekelmans, and M. G. D. Geers. Scale dependent
crystal plasticity framework with dislocation density and grain boundary
27
effects. International Journal of Solids and Structures, 41:5209 – 5230,
2004.
[34] G. Martin, N. Ochoa, K. Sa, E. Herv-Luanco, and G. Cailletaud. A
multiscale model for the elastoviscoplastic behavior of directionally so-
lidified alloys: Application to FE structural computations. International
Journal of Solids and Structures, 51:1175 – 1187, 2014.
[35] A. Cruzado, B. Gan, M. Jimnez, D. Barba, K. Ostolaza, A. Linaza, J.M.
Molina-Aldareguia, J. Llorca, and J. Segurado. Multiscale modeling of
the mechanical behavior of IN718 superalloy based on micropillar com-
pression and computational homogenization. Acta Materialia, 98:242 –
253, 2015.
[36] A. Manonukul and F. P. E. Dunne. High– and low–cycle fatigue crack
initiation using polycrystal plasticity. Proceedings of the Royal Society of
London A: Mathematical, Physical and Engineering Sciences, 460:1881–
1903, 2004.
[37] C. A. Sweeney, B. O’Brien, F. P. E. Dunne, P. E. McHugh, and S. B.
Leen. Micro-scale testing and micromechanical modelling for high cycle
fatigue of cocr stent material. Journal of the Mechanical Behavior of
Biomedical Materials, 46:244 – 260, 2015.
28
